Background Untreated hip dysplasia can result in a degenerative process joint and secondary osteoarthritis at an early age. While most periacetabular osteotomies (PAOs) are performed to relieve symptoms, the osteotomy is presumed to slow or prevent degeneration unless irreparable damage to the cartilage has already occurred. Questions/purposes We therefore determined (1) whether changes in the thickness of the cartilage in the hip occur after PAO, and (2) how many patients had an acetabular labral tear and whether labral tears are associated with thinning of the cartilage after PAO. Patients and Methods We prospectively followed 22 women and four men with hip dysplasia with MRI before PAO and again 1 year and 2 1 .
Introduction
Patients with hip dysplasia are prone to having osteoarthritis of the hip develop at a young age [5, 47] . The reasons for this are not fully understood, but it is generally believed the reduced contact area between acetabulum and the femoral head and a reduced abductor lever arm increase the contact pressures [1, 11, 24] . Such increased contact pressure reportedly results in degeneration (thinning) of cartilage and eventually osteoarthritis [5, 18, 26, 42] .
The condition of the acetabular labrum is also important given reports suggesting a degenerated or damaged labrum initiates cartilage degeneration in dysplastic hips [12, 13, 19] . Arthroscopic studies suggest the labrum is affected in 55% to 96% of symptomatic hips [19, 20] . Labral tears presumably result from overload of the acetabular rim [13] and the high strain placed on the labrum from reduced bony support [23, 27] .
PAO provides effective correction of hip dysplasia [23] relieves joint pain [17, 35] improves function [44] , and one report suggests surgery may alter the natural history of hip dysplasia and improve hip longevity [45] . The preoperative integrity of cartilage is reportedly an important determinant of survival when performing PAO [14, 25, 34, 38] , but it is important that the cartilage does not degenerate or further degenerate after PAO. We assume that improving the position of the existing contact surface at PAO will lead to decreased pressures and thereby avoid cartilage degeneration/thinning after PAO.
We therefore asked whether: (1) changes in the thickness of the cartilage in the hip occur after PAO, and (2) how many patients with PAO had acetabular labral tears and whether labral tears were associated with thinning of the cartilage after PAO.
Patients and Materials
We prospectively followed 22 women and four men presenting with 26 dysplastic hips who were scheduled for PAO. Their median age at the time of PAO was 39 years (range, 19-53 years). All patients had spherical femoral heads. The patients had a center-edge angle of Wiberg [46] of 24°or less, osteoarthritis degree 0 or 1 according to the classification of Tönnis [39] , closed growth zones in the pelvis, a painful hip, and minimum 110°flexion in the hip. At the time of surgery we did not know if the patients had a labral tear before PAO and even if we suspected a tear, it would not have influenced our choice of treatment. We excluded patients with metal implants, neurologic illnesses, Legg-Calvé-Perthes disease, or sequelae from previous hip surgery. We also excluded patients for whom an intertrochanteric femoral osteotomy was planned. All 26 patients had MRI preoperatively, 25 returned for MRI 1 year postoperatively, and 21 returned 2 1 .
2 years postoperatively. Eighteen of 26 patients agreed to undergo MR arthrography (MRA) 3 1 .
2 years after PAO to determine whether they had an acetabular labral tear. The study was approved by our local ethical committee and all patients gave signed consent for participation in the study.
The examinations were performed on a 1.5-T scanner (Siemens Magnetom Symphony, Erlangen, Germany) using a body array surface coil to achieve the optimum balance between the largest possible field of view and the highest possible spatial resolution. Continuous ankle traction with a load of 10 kg was used during MRI to separate the acetabular and femoral cartilages. The traction was applied 5 minutes before the images were obtained. This regimen reportedly separates the surfaces sufficiently to make them distinct [28, 30] . A fat-suppressed 3-D fast lowangle shot (FLASH) sequence was obtained. The FLASH sequence allows thin slices and a 3-D data set to observe the articular cartilage with a high signal and high contrast.
The imaging matrix was 256 9 256 and field of view was 220 9 220 mm with a section thickness of 1.5 mm. TR/TE was 60.0/11.0 ms, the flip angle was 508, and the time of acquisition was 9.38 minutes. Double MRI of the first 13 included patients was performed preoperatively with complete repositioning of the patients and setup to obtain an estimate of precision of the method used calculated as limits of agreement [2] . We computed the levels of agreement (LOA) between repeated stereologic measurements of cartilage thickness obtained by double MRI. Given the first stereologic measurement for acetabular cartilage, we could expect with 95% confidence that the difference to the second measurement would be between À0.17 and 0.13 mm. For the femoral cartilage, the LOA was À0.18 to 0.1 mm.
Field inhomogeneity and gradient nonlinearity of an MR scanner will distort the images. To validate the resolution and spatial linearity of the system, phantom measurements were performed. A phantom (MRI Deluxe Phantom, Data Spectrum Corporation, Hillsborough, NC, USA) with a diameter of 21.6 cm containing inserts for measurement of resolution and linearity was used. The phantom was placed in the magnet's isocenter and images were acquired using the sequence used for clinical imaging (T1 W 3-D Flash, slice thickness 1.5 mm, pixel resolution 0.43 9 0.43 mm). The spatial linearity and resolution were measured manually using Syngo on a Siemens MR workstation. To validate the linearity the distances between the parallel plates in the insert were measured and compared with the true dimensions as specified by the vendor. For validating the resolution the size of the rods in the resolution insert were measured and compared with the true dimensions. The measurements of both parameters were in good agreement with the dimensions specified by the phantom vendor.
We also investigated whether metallic artifacts from the screws inserted in the pelvis during the PAO posed a potential problem for the methods used. There were only minor artifacts from the titanium screws, and these were in the iliac bone and did not interfere with the measurements of cartilage thickness.
All patients had PAO using the transsartorial approach [40] . The incision was made from the anterior-superior iliac spine descending 6 cm distally. The fascia over the sartorius muscle was incised and the lateral femoral cutaneous nerve was exposed and was noticeable in the operation field throughout surgery. With this approach, the tensor fasciae latae muscle and the abductor muscles are kept intact and the sartorius muscle is split in the direction of the fiber. The pubic bone was osteotomized and under fluoroscopic control, and the ischial osteotomies and posterior iliac osteotomy were performed. The capsule was not opened for inspection of labral tears; we presumed the PAO would normalize the distribution of force in the joint and relieve the strain on the rim and the labrum and therefore alleviate any symptoms of a possible tear of the labrum. If a patient continuously experiences pain after PAO, we obtain an MRA to observe the labrum and if a tear is found, we offer the patient arthroscopy.
While in the hospital (4-5 days), the patients were seen daily by a physiotherapist for active hip ROM exercises. The patients were mobilized 6 hours postoperatively, and on the first day, patients were allowed 30 kg of weightbearing and given instructions in maintaining the weightbearing limit with the use of crutches. From the eighth postoperative week, the patients were allowed full weightbearing.
Four weeks after discharge, rehabilitation was initiated by one of two physiotherapists specialized in orthopaedics. The patients came to the hospital for physiotherapy twice a week and each exercise session was 1 hour with a 30minute aerobic and strength program followed by a 30minute program of mobility and gait training in the hydrotherapy pool. Physiotherapy was ended 2 to 3 months after PAO when the physiotherapists assessed that the patient had achieved predetermined functional goals, eg, walking at speed without crutches and the ability to run.
After discharge from the hospital, the patients were seen by the physiotherapist at 8 weeks and by the surgeon at 8 and 24 weeks, 1, 2 1 .
2, 5, and 10 years. AP hip radiographs were taken at each visit. Patients were asked to assess the degree of pain on a visual analog scale before surgery and 8 weeks after PAO, and a reduction in pain was observed 8 weeks after PAO (Table 1) .
To assess acetabular correction, the center-edge and acetabular index angles [39] were measured by one observer (IM) on AP radiographs of the pelvis preoperatively and postoperatively. The radiographic data showed correction of these indices (Table 1) .
To measure the thickness of the acetabular and femoral cartilage, we used our earlier developed stereologic method that is reliable and time-efficient (requiring approximately 20 minutes per hip) [21, 22] . Stereologic methods are used to obtain quantitative information regarding 3-D structures based on observations from section planes or projections [33] . Stereology can be used to minimize the workload using sampling and still provide reliable quantitative information about the whole structure of interest. This method is based on four images through the center of the femoral head: a true coronal, a true sagittal, an oblique coronal 45°forward angled, and an oblique coronal 45°b ackward angled. On each of the four images, a grid of 15 to 20 radial test lines was selected and located randomly on the images and where the test lines intercepted the cartilage, the orthogonal distance through the cartilage was measured manually in software (Grain 32, Dimac, and KT Algorithms, Aarhus, Denmark) designed for stereologic purposes (Fig. 1) . The approximately 60 to 80 measured distances were summed and the mean thickness of the Acetabular index angle (degrees; range) 17 (39 to 7) 2 (À4 to 10) À15
Visual analog scale 7 (4 to 9) 1 (0 to 4) À6 acetabular and femoral cartilage, respectively, was calculated. Systematic uniformly random sampling ensured the location of the test lines intercepting the cartilage was sampled with the same probability. Therefore, we did not need to use anatomic landmarks to compare preoperative and postoperative cartilage thickness. One observer (IM) measured cartilage thickness on all images. The contrast of the MR images was not adjusted before or during measuring because this may change the appearance of the cartilage boundaries and thus affect the thickness measurements. The cartilage measures were not affected by partial volume because we used center MR images (through the center of the femoral head). It was not difficult to differentiate the labrum from the cartilage on the images. As noted previously, 18 of the 26 patients agreed to undergo MRA 3 1 . 2 years after PAO to investigate if they had an acetabular labral tear. Applying standardized aseptic technique and guided by fluoroscopy, 8 mL of diluted gadolinium contrast media (Gd-DTPA 2 mmol/L; Magnevist, Schering, Berlin, Germany) was injected into the hip through an anterior approach. Before injection, the intraarticular position of the needle point was verified by injecting a few drops of iodinated contrast media. There were no adverse affects. MRA was performed using the same 1.5-T scanner as used for MRI in this study. Initially, three scout sequences in the axial, sagittal, and coronal planes were obtained. This was followed by T1weighted sequences with fat suppression: true coronal, oblique axial (parallel to the femoral neck), oblique coronal 45°forward angled, and oblique coronal 45°b ackward angled (TR/TE 376/20, slice thickness 4 mm, field of view 220 9 220, matrix 256 9 256). Finally, a coronal STIR sequence through the entire pelvis was performed (TR/TE 410/27, TI 170, field of view 400 9 400, matrix 256 9 256). MRA and intraarticular contrast injections were performed by a senior radiologist (JG) specialized in musculoskeletal MRI. All images were assessed by masked rereadings separated by 4 weeks and it was noted where the labral tears were located on the acetabular rim (Fig. 2) . The criteria for labral tears seen with MRA were (1) displacement or (2) absence of the labrum; (3) contrast media through the base of the labrum causing detachment with or without displacement; and intrasubstance (4) linear; (5) cystic; or (6) irregular presence of contrast media. Intermediate signal intensity and irregular margins were interpreted as degenerative changes [41] .
Data for cartilage thickness were normally distributed and we used a repeated measures ANOVA to determine differences in cartilage thickness between preoperative and 1 and 2 1 .
2 years postoperatively. Statistical analyses were performed with SPSS 11.0 (Chicago, IL) software package.
Results
The acetabular cartilage was thicker (p = 0.04) 1 year after surgery compared with 2 1 .
2 years postoperatively. Preoperatively, the mean thickness of the acetabular cartilage was 1.40 mm (SD 0.16), 1 year postoperatively 1.47 mm (SD 0.13), and 2 1 .
2 years postoperatively 1.35 (SD 0.16). The femoral cartilage was unchanged 2 1 .
2 years postoperatively compared with preoperatively (Fig. 2) . The mean thickness for the femoral cartilage before surgery was 1.38 mm (SD 0.18), 1 year postoperatively 1.43 mm (SD 0.13), and 2 1 .
2 years postoperatively 1.38 mm (SD 0.16). Seventeen of 18 patients had labral tears at 3 1 .
2 years, and in the one patient without a tear, degenerative changes of the labrum were identified. At the rereadings of the images, the radiologist reproduced the results regarding presence of labral tears in all cases. The tears were located mainly superior on the acetabular rim and in some cases, the tears extended anterosuperiorly and posterosuperiorly. All tears were identified by contrast media through the base of the labrum (Fig. 3) causing detachment with or without displacement in some cases in combination with linear intrasubstance. Because only one of the patients examined with MRA did not have a labral tear, we did not test for an association between labral tears and cartilage thickness.
Discussion
Untreated hip dysplasia can result in a degenerative process in the joint and eventually secondary osteoarthritis at an early age. We assume that the reduction of excessive joint pressure achieved at PAO promotes the processes involved in cartilage repair and thus prevents cartilage degeneration/ Fig. 2 The mean acetabular and femoral cartilage thickness and SD in 26 dysplastic hips estimated with MRI and stereology before and after periacetabular osteotomy are shown.
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Cartilage Thickness 1887 thinning after PAO. We therefore asked whether: (1) changes in the thickness of the cartilage in the hip occur after PAO, and (2) how many patients with PAO had acetabular labral tears and whether labral tears were associated with thinning of the cartilage after PAO.
We acknowledge limitations to our study. First, in some patients it was difficult to identify the interface between femoral and acetabular cartilage, although traction was used during MRI to separate the acetabular and femoral cartilage. The traction approach has been used by several authors [16, 28, 30, 31] , and is not always well received by patients. We applied 10 kg of traction and found it separated the femoral and acetabular cartilage sufficiently in the patients with little muscle tissue around the hip, whereas the same load had a smaller separating effect on heavier patients with well-developed muscles. We did not apply heavier traction because it possibly would have been uncomfortable for the patients. This may have resulted in an underestimation of the mean cartilage thickness because the areas not fully separated were in the center of the joint where cartilage is thicker compared with the periphery. Second, we had no functional outcome measures although such measures would have been appropriate to collect prospectively. Had we done so, we could have documented the physical function of the included patients before and after surgery and determined whether cartilage thickness is associated with functional outcome. If there is only a weak association between cartilage thickness (or thinning) and function, cartilage thickness may not be a good surrogate for symptoms or progression of osteoarthritis. Third, the use of randomization in stereology and averaging of thickness eliminates the possibility of measuring the same places in the cartilage layer before and after surgery (PAO). Instead, we measured approximately 60 to 80 distances in randomized regions of the acetabular and in the femoral cartilage in each hip, and these measures were averaged so the mean thickness of the acetabular and femoral cartilage could be obtained. Systematic uniform random sampling ensured that all regions of the cartilage were sampled with the same probability before and after the PAO. However, if local areas of cartilage were thinning with time we could not detect such changes and if they were small regions, the mean thickness would be not be substantially less given the large number of points.
We found the mean thickness of the femoral and the acetabular cartilage was unchanged 2 1 .
2 years compared with preoperatively and we interpret this as suggesting there were no major degenerative changes short-term after PAO. We also found the acetabular cartilage was 0.12 mm thicker 1 year after surgery compared with 2 1 .
2 years after surgery. This may be explained as an effect of inflammation [8, 9] and concomitant swelling in response to surgery [3] . Another explanation may be cartilage thickness dynamically adapts to increased exercise by hypertrophy [5] . During the first year after PAO, the patients are likely to be more active than before surgery as a result of reduced pain, increased function, and participation in the postoperative rehabilitation program. The first 8 postoperative weeks, the patients are allowed to weightbear with only 30 kg but after that, they put full weight on the surgically treated leg and there are no restrictions for participation in physical activity. Our data suggest cartilage thickness 2 1 . 2 years after PAO is similar to that before surgery, therefore, we do not know if the increased thickness 1 year after PAO is an indication of regeneration or degeneration of cartilage or if it is a random result. Geometric distortions of the MR images are ruled out as an explanation because our MR physicist has validated the resolution and spatial linearity of the system, and the same protocol was used at all scannings. Others have shown [36] cartilage thickness can be analyzed with high accuracy by an MRI fat-suppressed FLASH sequence with high resolution like we used. The person performing the measurements practiced the method before performing the actual and recorded measures to become experienced in making similar judgments in all images and therefore, the finding of thicker acetabular cartilage is not likely to be a systematic error of measurements. Yet, the increased cartilage thickness is small and within the LOA for our method so we consider it a random result.
All but one patient examined with MRA had a labral tear and we observed degenerative changes of the labrum in the patient who did not have a tear. We did not examine the patients for labral tears preoperatively, therefore, we cannot document that the tears were present before surgery. However, others have found labral tears were present in 64% to 78% of patients with symptomatic hip dysplasia [7, 15] . On the rereadings of MRA, the detection of labral tears was reproduced completely by the radiologist. Others also have reported MRA is a reliable radiographic tool for diagnosing acetabular labral tears [4, 6] . Labral tears may be associated with cartilage disorders in hip dysplasia [10, 29, 32] , and we presume there is an association between labral tears and cartilage thinning. Because 17 of 18 patients had labral tears, we could not test for an association between labral tears and cartilage thickness.
The preoperatively and postoperatively measured angles of our patients correspond well with those reported by others [18, 35, 37, 43] . We observed a large reduction in pain 8 weeks after surgery compared with before, also reported by others [17, 35, 44] , and PAO performed for the treatment of hip dysplasia evidently reduces the pain.
We did not find gross thinning of the cartilage 2 1 . 2 years after PAO with the applied stereologic method, although most patients had labral tears. We speculate this is because PAO normalizes the distribution of force in the joint and relieves the strain on the cartilage and the labrum.
